This paper investigates the application of the axial flux machine (AFM) to the wind energy conversion systems (WECS) to obtain high power and torque at reduced cost. By developing mathematical equations using the phase and active transformations, the three-phase model is transformed to two-phase equations by making both the stator and rotor as reference frames, finally converting to arbitrary reference frame, which is useful for the modelling of the axial flux machine. The torque, current, and voltage equations are expressed to improve the simulation reliability. Based on the developed equations, the mathematical model for the axial flux machine is developed using the MATLAB/Simulink. Starting with the axial flux motor model, when the load on the motor increases, how the parameters like torque, current, and speed of the motor vary are explored in this paper. Then for the axial flux generator model, when the wind speed exceeds the rated speed how the torque, line voltages, currents, power and speed of the generator behave are investigated and presented in this paper. The developed model in this paper could be extended to a twin-rotor axial flux synchronous machine, which will lead to the development of more efficient WECS.
Introduction
Renewable Energy Resources are the future scope for the generation of the power due to the decrease in availability of the conventional energy sources and the environmental problems that are associated while the generation of power is from them. Many trends are developed in the past two decades for the generation of power using the renewable energy resources of which the Wind Energy flux-density in the stator and rotor yokes [3] . As the air gap flux direction in the axial flux machine is radial in nature, the effective number of conductors are positioned radially. When compared to the conventional radial machines, the special features of the axial flux machines of possessing greater diameter-to-length ratio and its inner diameter is having the diameter which is greater than the diameter of the shaft [4] , by which the best ventilation and the cooling techniques for the machines can be achieved and these special features makes the axial machines special and made to choose over the radial flux machines. Some of the highlighted axial flux machines, which makes them the pioneer choice for the generation of power from the wind energy are:
• Efficient in terms of cooling is considered for the machine.
• For the torque production large axial length is not at all required.
• Constant tooth flux-density.
• Rotor core is utilized efficiently.
• The different speed operation can be achieved at a time by using the multi air-gap technology. 
Axial Flux Machines for Wind Energy Conversion Systems
Wind Energy Conversion Systems (WECS) takes the prior position among the other renewable energy technologies and becoming popular and important day-by-day. The power production from the wind energy has become success and is showing rapid growth from last ten years when mainly compared to solar energy. The technology which is used in the early stages to produce power in wind turbines was Squirrel-cage induction generators (SCIG) and is connected directly to the grid. As the usage time of the SCIG increasing the consistent production of power is decreasing due to disadvantages it is showcasing in the wind turbine. To get more power from the wind energy, the Doubly fed induc-Journal of Power and Energy Engineering tion generators (DFIG) are used as a replacement for the SCIG and the DFIG is consisting of the gear box. In the starting stages the usage of gear box has shown some advantages but as the time proceeds, the mechanical losses are increasing and make the system durability low. To get rid of all these disadvantages, after carrying many researches on the synchronous machines, the axial flux machines are chosen as the best generator for the power production in the wind turbine.
The installation of the axial flux machines to wind turbines is done only when the proper care is taken for the components of the wind turbine and the technology of the power electronic components that are used.
Wind Turbine Technology
When the wind turbine conversion process is considered, the available kinetic energy from the wind is converted to the mechanical energy and this conversion process plays a prominent role in the wind energy conversion system. The captured kinetic energy is converted into electrical energy by the help of an electro mechanical subsystems, which is a generator. Finally, the electrical subsystems adapt the energy and pushes into the grid [5] . In the first stage of the conversion, the wind turbines mechanical subsystems control the yaw angle of the turbine which follows the wind direction, to make the blades face the incoming wind as much as possible. Furthermore, depending on the incoming wind speed, tip-speed ratio is needed to be regulated to maximize power co-efficient, Cp, which is the ratio of the power that is extracted by the turbine relative to the energy available in the wind. Tip-speed ratio (TSR) is the ratio of the speed of the blade, at its tip, to the speed of the wind. The second and third stages of energy conversions involve the generator, which is the axial flux synchronous generator for the transferring of the produced electricity to the grid. For the transferring of the power to the grid, the Power Electronic Converter (PEC) is used. Over the last two decades, the capacity of wind power which is installed is showing a rapid growth and increased from 6 MW to 318 MW in the recent years. On the spin axis orientation, the wind turbines are categorized into Horizontal Axis Wind Turbine (HAWT) and the Vertical Axis Wind Turbine (VAWT). In HAWT, the orientation of spin is parallel to the ground and the nacelle of the wind turbine is elevated by the tower to provide enough space for the blades of the rotor to rotate and makes the system efficient under different conditions of wind. When the VAWT is considered, the orientation of spin axis is perpendicular to the ground and the rotor of the turbine consists of vertically mounted and curved air foils and the gear box, generator and power converters are employed at the tower base.
Components of Wind Turbine
Wind turbine has several components involved in the conversion of kinetic energy available from wind to the electrical energy. The installed rotor hub on the main shaft is responsible for the conversion of kinetic energy of wind to Journal of Power and Energy Engineering mechanical energy with the help of mounted blades the mechanical energy is transferred to the generator through the drive chain. The drive chain consists of low speed shaft, gear box and high-speed shaft. This mechanical energy is converted to the electrical energy in the generator. If required, the power converters are used to decouple the supplied power generator from the grid. In addition to these parts, there are some other parts like mechanical brake, pitch system, wind speed sensor, wind direction sensor, yaw system, power distribution cables, tower, nacelle and foundation which are not involved directly but are important for proper, efficient and reliable operation.
Wind Turbine Aerodynamics
The aerodynamic operation of the turbine blades is explained by the Bernoulli's principle, which states that as the speed of the moving fluid increases, the pressure within the fluid decreases. The curve shape of the blade creates the pressure difference between the air flowing above and below the blade i.e., the air flow above the blade is faster than the air flow below the blade which creates the inverse effect of the pressure [6] . This pressure difference creates the lift force on the blade. The force applied at certain distance from the pivot produces torque which creates the rotational movement of the turbine. The important factor which controls the lift force is the angle of attack "α". Angle of attack is mainly defined as the angle between the direction of wind speed and the chord line of the wind turbine. The aerodynamic design consideration of the wind turbine has good impact on the kinetic energy which is captured from the wind. When the wind speed exist between the rated and cut in value, the blades are pitched at an optimal value so that the maximum power is captured from the wind [7] and if it is between the rated and cut outvalue, in order to limit the forces on the mechanical components and the output power within the safety margin, the pitch mechanism is activated to change "α". For this purpose, the angle of attack can be decreased within the range of 25 to 20. If the speed of the wind is beyond the cut-out vale, the blades are completely pitched into the wind or out of wind base on the type of pitch mechanism such that no energy is captured from the wind to protect the turbine from the wind gusts. Normally there are three different aerodynamic controls in the mechanism when the pitch of the wind turbine is considered, they are passive stall control, active stall control, pitch control.
The wind power W P is moving at a speed of W V through an area A can be calculated as
where ρ is the density of air which is approximately 1.2 Kg/m 3 , A is the swept area in square meters, W V is the speed of wind in m/s. The mechanical power Pm converted by the turbine from the captured wind power Pw can be calculates as 
Maximum Power Point Tracking (MPPT) Control in Wind Turbine
In the generator control mode, the MPPT control has the vital role and is the reason where the axial flux generators have the more torque control, power density and optimum tip speed ratio. The control over MPPT can be done by three types:
MPPT with power profile of turbine: In this control the turbine power profile is given by the user. With the help of the power profile at various speeds of the wind, the reference mechanical power of the generator is generated and is compared with the measured power Pm from the generator to generate the signals that can be controlled by the power converters [8] . Thus, the mechanical power of the axial flux generator is equal to its reference value.
MPPT with optimal TSR: In this control, the MPPT operation is achieved by keeping the tip speed ratio to its optimal value Topt λ . The reference generator (AFG) speed is obtained by measuring the speed of wind and setting the TSR at its optimal value. By controlling the generator speed to its reference vale using power converters [9] , the maximum power point operation is obtained.
MPPT with optimal torque control: From the relation between the speed and torque, the maximum power point is obtained by calculating the reference torque. The reference turbine speed is generated by measuring the speed of wind and by setting the optimal tip speed ratio to its optimal value. When a gear ratio is considered, neglecting the mechanical losses of the gear box, the turbine speed M ω is converted to the generated speed m ω . The reference torque is obtained by calculating optimum torque co-efficient and reference generator (AFG) speed. By comparing the reference torque and torque of the generator, the control signals are generated to the power converters [10] . So, that the torque of the generator is made equal to the reference torque to achieve the maximum power point operation.
Power Electronic Converters with Axial Flux Machines in Wind Turbine System
Since 1980's the usage of the power electronics in the wind turbine systems are I. Al-Bahadly, S. C. Neppalli increased rapidly and the main operation of the power electronic device in Wind turbine system is for the soft starting of the system by using the thyristor which is by-passed and by that soft start, the direct operation of the generator to the grid made easy. From the middle of 1990's, a diode bridge is used as a switching device for the control of rotor resistance and later it was replaced by the power converter which is connected in back-to-back mode and firstly used in DFIG's. the special feature to control the capacitive and inductive power Q and the response of the active power P should be very fast. At a low level, the maintenance of the rotor currents total harmonic distortion should be done. So, the converter must be operated to meet the requirement of satisfying the grid side and generator side cost and maintenance problems and for satisfying these requirements, the converter must have high power-density, modularity and reliability. The active power storing and boosting the voltage from the side of the generator to the grid is also done by the wind power converter. 
Modelling of Axial Flux PM Synchronous Machines

Phase and Active Transformations
Phase transformation is also known as transformation from a, b, c to α, β, 0 transformation. Using Phase Transformation, a 3φ machine is transformed into an equivalent 2φ model with additional zero sequence system [11] . Figure 1 (a) shows a symmetrical 2 pole, 3φ winding on rotor. Each phase has N effective turns and mutually displaced by 120˚ (some turns may be distributed or short pitched). While Figure 1(b) shows balanced 2φ system with 2 orthogonal coils α and β on rotor. For convenience in transformation, the axis of phase A of 3φ system and phase α of 2φ system are taken along the same axis, when the 2φ system is excited by currents. 
When the phase transformation from 3-phase to 2-phase is considered by the method of changing both the current magnitudes and the turns ratio, the necessary equations that are obtained are 
Modelling Circuits of Axial Flux Machines
In this section the simulation of the axial flux machine is presented. Figure 2 shows the subsystems of the simulated Axial Flux Synchronous Motor model, and Figure 3 shows the simulated Axial Flux Synchronous Generator model. • At above rated wind speed i.e., at a wind speed of 20 m/s, how the voltage, current, torques, rotor speed and output power of Axial flux generator possess the characteristics is presented here. These are shown in Figure 5 .
Test Results
Test Results for Axial Flux Generator
Test Results for Axial Flux Motor
• At no load condition, that is when there is no load applied on motor, how the currents, speed and torque possess the characteristics are presented here.
These are shown in Figure 6 .
• At loaded condition, that is when there is load applied on motor, how the currents, speed and torque possess the characteristics are presented here.
These are shown in Figure 7 .
It can be concluded from the testing results of the simulated model for the axial flux machine that the developed model has behaved as expected under different conditions for both generation and motoring modes.
Conclusions
The simulation and analysis for complete axial flux synchronous machines using the mathematical modelling from the MATLAB environment were presented in A background research for the axial flux machines has been carried out. By exhibiting the features of having more pole pairs, the AFMs are perfectly opted for the direct-drive and low-speed applications. A single air-gap axial flux synchronous machine is modelled in MATLAB/Simulink environment and its torque, speed and respective current curves are plotted for both the generator and motor. For motor, the speed, torque, and current are presented for no load condition. Then, when the load was applied, how the speed, torque and current changes are also analysed and presented in this work. For generator, the line voltages and current, power, torque and speed are presented for the rated wind speeds. Then, how these parameters changed when the wind speed changes abruptly; the results are analysed and presented in this work.
The developed system of equations in this paper for the modelling of AFM's model can be extended to twin-rotor axial flux synchronous machine. Where, in variable speed WECS applications, controllers and power converters can be designed for twin rotor axial flux generators to maximise output power.
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